In this study, experiments on a pulse detonation turbine engine (PDTE) were conducted. The final goal of this work is the self-sustained operation of a PDTE system in which all of the air used for its operation is supplied by a turbine-compressor driven by pulsed detonations in the system itself. Currently, air used for PDTE operation is supplied by using an external device because the air flow rate for PDTE operation is too high. That is, air is used not only for combustion but also for purge of the residual hot burned gas in a pulse-detonation combustor (PDC), and sometimes for the control of the turbine-inlet temperature by blowing secondary air into a PDTE system downstream of the PDC. In this work, for reducing the air flow rate for PDTE operation, the water-droplet-injection technique was introduced in two ways. First, water droplets were injected into the PDC for purging the residual hot burned gas. Second, water droplets were injected into the PDTE system downstream of the PDC for controlling the turbine-inlet temperature. In particular, the effect of the latter was analyzed by using simple model calculations. As a result, the turbine-inlet temperature was precisely controlled by the water-droplet injection, and the air flow rate for PDTE operation was drastically reduced.
Reduction of air flow rate for pulse-detonation-turbine-engine operation by water-droplet injection

Introduction
Detonation is a mode of combustion in which a leading shock wave and a subsequent shock-induced combustion zone propagate together (Fickett and Davis, 1979) . In particular, a detonation that propagates at the lowest speed allowed in the one-dimensional steady-flow theory is self-sustained and is called a Chapman-Jouguet (CJ) detonation. The propagation speed and the thermodynamic state of the burned gas of a CJ detonation can be calculated by using a chemical equilibrium calculation software, for example, STANJAN (Reynolds, 1986) or CEA (Gordon and McBride, 1996) . An important characteristic of detonations is their higher combustion temperatures compared with other combustion modes.
Due to the higher combustion temperatures of detonations, detonations can have the advantage of other combustion modes in two application fields. One is thermal spray, which is a coating technology where coating materials, usually in the form of powder, are heated and/or accelerated by hot and/or high-speed gas flow, impacted, and deposited onto a prepared substrate, ultimately forming a coating (Tucker, 1994 . In thermal spray, pulsed detonations cyclically generated in a tube, one end of which is closed and the other end is open, are usually employed. The technology for generating pulsed detonations cyclically is sometimes called pulse detonation technology (PDT). Thermal-spray technology based on PDT is usually referred to as the detonation gun process; it is a thermal-spray technology capable of spraying coatings with high bond strength and low porosity (Tucker, 1994) .
The other important application field is internal combustion engines (ICEs). Generally, higher combustion temperatures mean less entropy increase. That is, the theoretical thermal efficiency of an ICE based on detonation is higher than that of a conventional ICE based on isobaric combustion (Heiser and Pratt, 2002, Endo et al., 2004A ). An ICE utilizing PDT is usually called a pulse detonation engine (PDE) (Roy et al., 2004) . To date, PDEs have been developed mainly for propulsion applications (Roy et al., 2004 , Endo et al., 2004B, Endo et al., 2007 , Kasahara et al., 2009 ). However, since preliminary experiments on turbine drive by pulsed detonations performed in Air Force Research Laboratory (Hoke et al., 2002 , Schauer, 2003 , the concept of a pulse detonation turbine engine (PDTE) has received attention. A PDTE is an engine in which the steady-flow isobaric combustion of a conventional gas turbine engine is replaced by pulsed detonations. Although several experiments were performed on PDTEs (Rasheed et al., 2009 , Maeda et al., 2010 , Rasheed et al., 2011 , Takahashi et al., 2012 , all experiments employed external devices for air supply of the PDTE operations. That is, self-sustained PDTE operation, in which all air necessary for the PDTE operation is supplied by a compressor whose energy source is a part of the turbine output driven by pulsed detonations, has not yet been developed.
Assuming isentropic compression of air, the necessary power for compressing the air from the pressure comp,in p to the pressure comp,out p is given by Endo, Masuda, Watanabe, Mukai, Nagai, Johzaki and Matsuoka, Journal of Thermal Science and Technology, Vol.11, No.2 (2016) (Law, 2006) . Namely, the necessary work for compressing the air is approximately 4% of the heat of combustion. It is true that the work for compressing the air is added to the turbine output if all processes are isentropic. However, the isentropic efficiency of an actual turbine-compressor system is less than unity. Therefore, some part of the work for compressing the air must be compensated by the heat of combustion. In the case of a small-scale turbine-compressor system, the isentropic efficiency was, for example, approximately 0.6 (Takahashi et al., 2012) meaning that the energy of the same order of magnitude as the work for compressing the air must be provided from the heat of combustion. Therefore, roughly speaking, if the thermal efficiency of a PDTE system measured in an experiment with an external air source is approximately 10% or more and air is used only for combustion, the self-sustained PDTE operation is feasible.
In an experimental investigation of a PDTE system carried out by the authors (Takahashi et al., 2012) , a thermal efficiency of approximately 10% was realized where the stoichiometric hydrogen-air mixture and an automobile turbocharger were used, and the output was the compression work done by the turbocharger. However, in that experiment, air was used not only for combustion, but also for other purposes. First, air was used for the purge of the residual hot burned gas from the previous cycle. In a PDE, the combustor must be filled with a detonable gas mixture before ignition, and the residual hot burned gas from the previous cycle must be purged before supplying a fresh detonable gas mixture into the combustor. Otherwise, the fresh detonable gas mixture supplied into the combustor touches the residual hot burned gas from the previous cycle, and begins to burn prior to ignition, making the pulsed combustion impossible. For example, the hydrogen-air mixture must be kept colder than 570 °C (Glassman, 1996) before ignition. The purge process is very important for the operation of a pulse detonation combustor (PDC). The residual hot burned gas from the previous cycle is often purged by blowing room-temperature air into the combustor (Rasheed et al., 2009 , Rasheed et al., 2011 , Takahashi et al., 2012 . Second, air was used for controlling the turbine-inlet temperature. That is, by blowing room-temperature air into the system between the combustor and the turbine, the turbine-inlet temperature was kept below the allowable temperature. Table 1 shows the relative air flow rates in a past experiment carried out by the authors (Takahashi et al., 2012) . As shown in Table 1 , the total air flow rate was approximately five times the air flow rate for the oxidizer. Such an immense quantity of air cannot be supplied in a self-sustained PDTE operation unless the isentropic efficiencies of the turbine and compressor are very close to unity.
In this paper, two techniques introduced for reducing air flow rate necessary for PDTE operation are described. One is a liquid-purge (LIP) mode PDC operation developed by Matsuoka et al. (2015) . In the LIP mode PDC operation, small water droplets are injected into the combustor and vaporized in the hot burned gas. By the latent heat and volume expansion accompanying the liquid-to-gas phase transition, the residual hot burned gas is cooled and pushed outward, namely, purged. Using this technique, the air for purging the residual hot burned gas becomes unnecessary. In another technique introduced in this work, small water droplets are injected into the PDTE system between the combustor and Table 1 Relative air flow rates in a past PDTE experiment (Takahashi et al., 2012) Purpose
Relative air flow rate Oxidizer 1 Purge of the residual hot burned gas 1.7 Control of the turbine-inlet temperature 2.5
Endo, Masuda, Watanabe, Mukai, Nagai, Johzaki and Matsuoka, Journal of Thermal Science and Technology, Vol.11, No.2 (2016) the turbine for controlling the turbine-inlet temperature by the latent heat and large heat capacity of water vapor. By this technique, the air for controlling the turbine-inlet temperature becomes unnecessary. In the remainder of this paper, first the experimental arrangement is described. Then, the experimental results from the two approaches previously introduced are shown. In particular, the experimental results on the control of the turbine-inlet temperature by injecting water droplets are discussed using simple model calculations. Finally, the conclusions are summarized. Figure 1 shows the experimental arrangement composed of a detonation tube, a buffer chamber, an adapter tube, and a turbocharger. The detonation tube was made of stainless steel (SUS 304) with an inner diameter of 20 mm and a length of 802 mm. As shown in Fig. 1 , the detonation tube was equipped with a liquid injector (Injector A); two gas-feeding pipes for hydrogen and air; two spark plugs for ignition; obstacle pipes for promoting the deflagration-to-detonation transition (DDT); a piezoelectric pressure transducer (P1), with which one of the spark plugs was replaced when P1 was used; and ion probes (I1, I2, and I3). The liquid injectors used in the present experiments were fuel injectors for automobile gasoline direct injection engines (MITSUBISHI, 1465A010). By using the liquid injector, water was injected into the system at an injection pressure of 7.1 MPa, where the Sauter mean diameter was 24.4 m, and the spray cone (half) angle was 35°. The gas-feeding pipes were installed in the detonation tube with an angle of 35° from the tube axis, taking into account the spray cone (half) angle. Hydrogen and air were supplied to the detonation tube through the gas-feeding pipes and mixed in the detonation tube. The spark plugs, which were commercially available automobile spark plugs (DENSO, 067700-8690), were installed on the side wall of the detonation tube oppositely at a distance of 71 mm from injector A. The spark plug was activated by an automobile ignition driver (TOYOTA, 90919-02240). Fourteen obstacle pipes for promoting DDT, which were orthogonal alternately and with 12.5 mm separation, were made of stainless steel (SUS 304) with an outer diameter of 7 mm and an inner diameter of 5 mm, and installed inside the detonation tube, where the most upstream pipe was at a distance of 45 mm from the spark plugs. The upstream part of the detonation tube was cooled by water, and the obstacle pipes were inclined 45° from the direction of gravity so that the cooling water flowed inside the obstacle pipes by natural convection. The downstream part of the detonation tube was cooled by forced air. The air for cooling the combustor is not essentially needed for PDTE operation because this can be replaced by water as the arrangement in Takahashi et al. (2012) . Therefore, in this paper, the air for cooling the combustor is not considered as a part of the air essentially required for PDTE operation. Three ion probes (I1, I2, and I3) were installed on the side wall of the detonation tube for measuring the propagation speed of the combustion front. For measuring the time-averaged temperature and pressure, two thermocouples (T) and one diaphragm-seal-type pressure gauge (P2) were installed, respectively, as shown in Fig.  1 . In the present experiments, hydrogen and air were supplied into the PDTE system using a valveless gas-supply method (Takahashi et al., 2012 , Matsuoka et al., 2015 .
Experimental arrangement
The buffer chamber was used to protect the turbine blades against destructive shock waves from the detonation tube. As shown in Fig. 1 , a liquid injector (Injector B), which was the same as the liquid injector A, was installed on the side wall of the buffer chamber. The location of liquid injector B was the center in the chamber-axis direction and 22.5° Endo, Masuda, Watanabe, Mukai, Nagai, Johzaki and Matsuoka, Journal of Thermal Science and Technology, Vol.11, No.2 (2016) upside from the horizontal plane. Water droplets were injected toward the chamber center via liquid injector B at an injection pressure of 7.1 MPa. The turbocharger used in the present experiments was a commercially available automobile turbocharger designed for 550-cc gasoline engines (HITACHI, HT-06). Additionally, the system was designed so that secondary air could be introduced into the system from the adapter tube for keeping the turbine-inlet temperature below the allowable temperature of approximately 950 °C (Yuasa et al., 1987) . In most of the experiments, the gas-supply pressure was approximately 0.3 MPa for both hydrogen and air, and their flow rates were controlled using mass flow controllers, so that the equivalence ratio was approximately unity.
Purge of the residual hot burned gas by water-droplet injection 3.1 Determination of the operation parameters
In the LIP-mode operation of a PDC with valveless gas-supply method, it is important for liquid droplets to exist in the vicinity of the closed end of the PDC, where fresh fuel and oxidizer are supplied, at the moment of detonation initiation (Matsuoka et al., 2015) . Otherwise, the residual hot burned gas is not purged near the exits of the gas-feeding pipes, and consequently the supplied fuel and oxidizer begin to burn by touching the residual hot burned gas. Therefore, the time at which the water-droplet injection ends must be approximately coincident with the time at which the supply of the fuel and oxidizer is stopped by the pressure rise in the PDC due to the detonation initiation. In order to determine the time at which the water-droplet injection should end, a preliminary experiment was conducted. In the preliminary experiment, the PDC shown in Fig. 1 was operated in the gas-purge (GAP) mode with the valveless gas-supply method (Takahashi et al., 2012) , and one of the spark plugs was replaced by the piezoelectric pressure transducer (P1) for measuring the time of detonation initiation. In this operation mode, the valves for controlling the supply of the fuel (hydrogen) and oxidizer (air) are maintained open throughout the entire operation, and the pulsed operation of the combustor is controlled by repetitive ignitions only. This operation mode is achieved by setting the supply pressure of the fuel lower than that of the oxidizer (air). When a detonation is initiated in the combustor, the gas pressure rises near the exits of the gas-feeding pipes, and the supply of the fuel and oxidizer is stopped. After some time, the gas pressure in the combustor decreases due to the exhaust of the hot burned gas from the open end of the combustor. When the gas pressure in the combustor becomes lower than the supply pressure of the air, only the air begins to be supplied. Furthermore, when the gas pressure in the combustor decreases further and becomes lower than the supply pressure of the fuel, the fuel begins to be supplied. That is, owing to the difference in the supply pressures between the air and the fuel, the restart timing of the fuel supply after explosion in the detonation tube is delayed against that of the air supply. During this delay, the supplied air preceding the fuel automatically purges the residual hot burned gas. From the preliminary experiment with an equivalence ratio of the detonable gas approximately equal to unity, the time at which the water-droplet injection ends was determined to be 0.30 ms after ignition.
Next, the time duration of the water-droplet injection by injector A was determined. According to Matsuoka et al. (2015) , the minimum quantity of injected water droplets for stable operation of a PDC corresponds to the hypothetical thickness of a water-vapor layer of approximately 42 mm, where the hypothetical thickness of the water-vapor layer is obtained by dividing the volume of the water vapor whose pressure is the same as the gas-supply pressure and whose temperature is the same as the saturated vapor temperature of water at the gas-supply pressure by the cross-sectional area of the detonation tube. Assuming that the gas-supply pressure is 0.33 MPa, the saturated vapor temperature of water is 410 K (Vargaftik, 1975) and the mass density is 1.8 kg m -3 . Because the cross-sectional area of the detonation tube is cm 2 , the quantity of the injected water droplets corresponding to the hypothetical thickness of a water-vapor layer of 42 mm is 23 mg. Based on this evaluation and another preliminary experiment, in which the relationship between the duration of the water-droplet injection and the quantity of the injected water droplets at an injection pressure of 7.1 MPa was measured, the water injection duration by injector A was conservatively determined to be 2.0 ms, corresponding to a 32.7 mg quantity of injected water droplets.
In order to verify the determined operation parameters described above, an experiment was carried out where the PDTE system was operated in LIP mode with the valveless gas-supply method under the conditions summarized in Table 2 . In this table, SLM refers to the volume flow rate converted to standard conditions of 20 °C and 1 atm. In this experiment, injector A was used to inject water droplets for purging the residual hot burned gas, but injector B was not used. Figure 2 shows the pressure history measured by the piezoelectric pressure transducer (P1) in the LIP-mode operation where the time origin (t = 0) corresponds to the ignition for the first pulse, showing repetitive explosions in the detonation tube. The Chapman-Jouguet (CJ) detonation pressure for the initial conditions of 300 K and 0.14 MPa, which was the averaged pressure between pressure spikes shown in Fig. 2 , was calculated to be 2.2 MPa (Gordon and Endo, Masuda, Watanabe, Mukai, Nagai, Johzaki and Matsuoka, Journal of Thermal Science and Technology, Vol.11, No.2 (2016) McBride, 1996) . The pressure pulses shown in Fig. 2 correspond to the shock waves (retonations) originating from DDT events. Therefore, it is natural for these pressure pulses to be lower than the CJ detonation pressure. In addition, the propagation speed of the combustion front was 1950 50 m s -1 , which was measured by the ion probes I1 and I2.
Because the CJ detonation speed for the initial conditions of 300 K and 0.14 MPa was 1972 m s -1 (Gordon and McBride, 1996) , it was concluded that repetitive detonations were stably obtained in this experiment and the determined operation parameters were verified. Actually, from the pressure history shown in Fig. 2 , the time at which the pressure measured by P1 was raised to 0.3 MPa, close to the gas-supply pressure, was 0.37 0.04 ms after the ignition, although the end time of the water-droplet injection was determined to be 0.30 ms after ignition from the preliminary experiment.
Ten-minute continuous operation of the PDTE system
In order to confirm the stability of the operation of the PDTE system, the PDTE system was operated continuously for approximately 10 min in the LIP mode with the valveless gas-supply method. The operation conditions of the PDTE system are summarized in Table 3 . The secondary air refers to the air supplied to the system from the adapter tube used to lower the turbine-inlet temperature. The secondary air was also supplied to the system by the valveless gas-supply method with a supply pressure of 0.35 MPa. In this experiment, injector A was used to inject water droplets to purge the residual hot burned gas, but injector B was not used. The broken curve in Fig. 3 shows the measured history of the turbine-inlet temperature where the time origin (t = 0) corresponds to the ignition for the first pulse. The PDTE system operation achieved stability after 20 s, which remained for more than ten consecutive minutes, thereby showing that the air for purging residual hot burned gas was no longer needed.
Furthermore, in order to evaluate the effect of the secondary air on the turbine-inlet temperature, an additional experiment, in which the operation conditions of the PDTE system were the same as those summarized in Table 3 without the secondary air, was conducted. The solid curve in Fig. 3 shows the measured history of the turbine-inlet temperature. Comparing the results shown in Fig. 3 , the turbine-inlet temperature was lowered by the secondary air by approximately 300 K. In addition, it should be noted that the turbine-inlet temperature continued to increase after ten-minute continuous operation, as shown by the solid curve in Fig. 3 , thereby approaching the allowable limit of approximately 950 °C (Yuasa et al., 1987) . This means that a new technique is needed to control the turbine-inlet temperature if secondary air is not used. 10 or more Equivalence ratio 1 Gas-fill ratio to detonation tube [%] 134 Supply pressure of hydrogen [MPa] 0.395 Supply pressure of air [MPa] 0.35 Spray timing for purge [ms] 1.7 0.3 Supply rate of secondary air [SLM] 1070
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Control of the turbine-inlet temperature by water-droplet injection
As a means of controlling the turbine-inlet temperature without secondary air, a technique was developed in which water droplets were injected into the PDTE system between the combustor and the turbine; namely, water droplets were injected by liquid injector B into the buffer chamber shown in Fig. 1 . The gas flow in a PDTE system is not steady. In other words, the temperature of the gas inside the buffer chamber repetitively varies due to the repetitive combustion in the system. Therefore, the effect of the water-droplet injection by injector B on the turbine-inlet temperature must depend not only on the quantity of the injected water droplets but also on the timing of the water-droplet injection. In order to investigate the utility of this approach, experiments were conducted in which the turbine-inlet temperature was measured as a function of the quantity and timing of the water-droplet injection by injector B. In the following, the dependence of the turbine-inlet temperature on the timing of the water-droplet injection is described first. After that, the dependence of the turbine-inlet temperature on the quantity of the injected water droplets is presented.
In the experiments, the time width inj , during which water droplets were injected by injector B into the buffer chamber, was varied between 1, 2, and 3 ms while maintaining a constant injection pressure of 7.1 MPa. The quantity of injected water droplets wc m as a function of inj at an injection pressure of 7.1 MPa was measured in a preliminary experiment in advance. The timing of the water-droplet injection by injector B was varied within a cycle. Table 4 summarizes the conditions of experiments on the control of the turbine-inlet temperature. The gas-supply pressure was 0.3 MPa for both hydrogen and air. In these experiments, both injector A and injector B were used, but secondary air was not supplied. Figure 4 shows the experimental results for the control of the turbine-inlet temperature by water injection as a function of the injector B water injection timing. The horizontal axis shows the timing of water injection inj t defined as the mean of the beginning and ending times of the water injection relative to the ignition, where each horizontal error bar attached to each symbol shows the duration inj of the water injection. Although the period of the PDTE Fig. 3 Histories of the turbine-inlet temperature with and without secondary air. Table 4 Conditions of experiments on control of turbine-inlet temperature Operation frequency [Hz] 60 Supply rate of hydrogen [SLM] 280 Operation duration [min] 3 Equivalence ratio 1 Gas-fill ratio to detonation tube [%] 107 Fig. 4 Influence of water-injection timing and quantity on turbine-inlet temperature.
